Abstract. Establishment of the SMEAR Estonia at a hemiboreal mixed deciduous broad-leaved-evergreen needle-leaved forest at Järvselja, South-Eastern Estonia, has strongly enhanced the possibilities for national and international cooperation in the fi elds of forest ecosystem -atmosphere research and impacts of climatic changes on forest ecosystems, atmospheric trace gases, aerosols and air ions. The station provides a multitude of comprehensive continuously measured data covering key climatic and atmospheric characteristics (state and dynamics of solar radiation, trace gases, aerosols and air ions, meteorological parameters) and forest ecosystem traits (net primary productivity, individual tree growth, gas-exchange characteristics, soil variables). The station follows a multidisciplinary and multiscale approach covering processes in spatial dimensions ranging from nanometres to several hundred square kilometres, being thus able to signifi cantly contribute to worldwide measurement networks and the SMEAR network. Here we present an overview of the station, its data produced and we envision future developments towards sustainable research and development of the large-scale scientifi c infrastructure SMEAR Estonia.
Introduction
Long-term fi eld measurements are of crucial importance for monitoring environmental change and effects of environmental change on ecosystems and the feedback impact of these modifi cations on climate change (Kratz et al., 2003; Magill et al., 2004; Hari & Kulmala, 2005; Hari et al., 2009) . Although the continuous observa-tions are considered important, only few sites worldwide have long-term data on ecosystem-level measurements for more than 10 years (Kratz et al., 2003; Hari et al., 2009) . Furthermore, the limitation of many sites is that only certain characteristics are monitored, e.g. most frequently ecosystemlevel CO 2 and H 2 O fl uxes are gauged, and very few stations have continuous records of other atmospheric constituents, including trace gases and aerosol particles (Hari & Kulmala, 2005; Nieminen et al., 2014) . Comprehensive measurements of forest eco system and atmospheric chemical-physical characteristics in their mutual relationship constitute the focus of SMEAR type stations (Station for Measuring EcosystemAtmosphere Relations, (Hari & Kulmala, 2005; Hari et al., 2009 Hari et al., , 2015 ) in Finland (https://www.atm.helsinki.fi/SMEAR) and Estonia (http://smear.emu.ee).
Apart from ecosystem-level fl ux measurements, gaining an insight into the processes controlling ecosystem dynamics requires detailed measurements at various ecosystem compartments to separate their infl uences on the components of ecosystem exchange and assess their responses to modifi cations in environmental drivers. Further, comprehensive long-term datasets are needed to allow for modelling of Earth system functioning on multiscale platforms and to be able to answer grand challenges according to climate change, increasing population, need of energy resources and food, air quality, land use change, transport and urbanisation apparent already now .
The aim of this paper is to provide a description of Station for Measuring Ecosystem-Atmosphere Relations (SMEAR Estonia) infrastructure. To show the potentials of the station, multiple samples of the results from ongoing long-term observations are also shown.
The work towards the SMEAR site establishment started in 2008 when an intensive and integrated measurement campaign combining fl ux, trace gas concentration, aerosol particles and plant and soil measurements were carried out in Järvselja; this campaign provided the fi rst estimates of forest productivity by eddy covariance measurements in Estonia (Noe et al., 2011) . Until the year 2013, these measurements were performed during intensive campaigns that led to several publications based on the collected data (Noe et al., 2012; Niinemets et al., 2013; Bourtsoukidis et al., 2014; Smolander et al., 2014) . The campaigns were organized such that each provided new data eventually to cover the whole annual cycle. From 2013 on, an increasing amount of observations were performed continuously enabling preparation of longer datasets. These longer datasets are decisive in providing input to deeper scientifi c understanding on long-term changes of the hemiboreal environment to the policy makers and stakeholders at national and international levels, thereby starting to fulfi l one of the main targets of functioning of the SMEAR platform as a whole.
Description of the SMEAR Estonia measurement station
The concept of the SMEAR Estonia station Initially, the basic concept of a SMEAR station introduced by professors Vesala, Hari and Kulmala was to measure the concentrations and fl uxes of energy and matter at ecosystem scale for boreal forest ecosystems (Vesala et al., 1998; Hari & Kulmala, 2005) . Because the SMEAR Estonia station is located in the southern transition zone of the boreal biome we had to introduce some modifi cations in the original concept. In boreal ecosystems covered by Finnish SMEAR stations, the vegetation includes two clearly separated layers, overstory and understory ( Figure 1 ). The most prominent conceptual change that guided positioning of instruments and conduction of measurements was the introduction of at least one more tree canopy layer. This refl ects the greater tree species diversity colonizing different canopy and subcanopy layers in hemiboreal mixed forests, overall resulting in a higher grade of heterogeneity in space and time as compared to the boreal forest ecosystems. Figure 1 gives an overview of the processes that are measured at the SMEAR Estonia station. The movement (fl ux) of energy and matter within the hemiboreal forest system is characterized by different biological, chemical and physical processes, which link all the parts (atmosphere, ecosystem and soil) of the complex system together. To successfully measure the multitude of environmental and biological characteristics and allow for quantitative simulations and predictions of the processes, a multidisciplinary and integrated approach is needed .
Initial steps for the SMEAR Estonia
Historically, ecophysiological studies along the canopy height gradients started in Järvselja already in 1995 when two canopy towers, 27 m and 16 m tall, were established in the mixed forest and studies on understanding within-canopy acclimation of foliage photosynthetic characteristics were initiated. Since then, canopy research has continued in Järvselja (e.g. Niinemets et al., 1998 Niinemets et al., , 1999a Kull & Tulva, 2002 Figure 1 . A schematic representation of the SMEAR Estonia concept (modifi ed after Hari & Kulmala (2005) ).
The boxes denote "reservoirs" of matter and the arrows denote processes that change the contents of these reservoirs (fl uxes in some cases). The system is strongly interlinked and has many feedback loops leading to complex behaviour. Measurements are conducted in the mixed boundary layer of the free atmosphere, within the tree canopy on several heights and in the soil. Joonis 1. SMEAR Eesti mõõtmispõhimõtete skemaatiline joonis Hari & Kulmala (2005) Salminen et al., 1983; Hari et al., 1985a,b; Ross et al., 1996) . Later, since 2000, a still ongoing collaboration on investigation of atmospheric aerosol particles and air ions between the University of Helsinki and University of Tartu, initiated by Prof. Markku Kulmala and Prof. Hannes Tammet, was established Kulmala & Tammet, 2007; Kulmala et al., 2016) . Starting from 2008, integrated ecosystem-atmosphere measurements were conducted in cooperation of the Estonian University of Life Sciences, the University of Tartu and the Tartu Observatory. These efforts led to the building of the SMEAR Estonia measurement station in its present form and establishment of SMEAR Estonia as a part of the "Estonian Research Infrastructures Roadmap" project Estonian Environmental Observatory (Kadastik & Tamm, 2010; Leiner & Tamm, 2015) . The SMEAR Estonia station, located at 58.2714 N, 27.2703 E at 36 m a.s.l., is situated at the Järvselja Experimental Forestry Centre (Figure 2) . It is the southernmost SMEAR station in the SMEAR network spanning from the subarctic SMEAR I station in Värriö, Finnish Lapland via Kuopio .
Site description
The forests surrounding the SMEAR Estonia station can in general be described as hemiboreal (Ahti et al., 1968 The station has a 130 m high atmospheric measurement mast and a main cottage (Apna), which hosts the main power supply and power backup, provides internet access, a storage server for online data, controls for information technology solutions, and the pumping facilities and gas analysers for the large atmospheric mast. The cottage has climate-controlled rooms to ensure proper working conditions for the analysers and other technical systems. The main power system provides 0.38 kV with 3 x 100 A at the connection point linking the station to the public network. Electric power lines 0.2 kV with 3 or 5 x 16 A are distributed to the mast, the aerosol cottage, two 30 m high scaffolding towers and the site for container measurement stations. Additional lines of 0.38 kV, 3 x 16 A are distributed to the mast, the main cottage and the container measurement station. The site for mobile container measurement systems can host up to 6 standard shipping containers (approx. 12 x 2.5 x 2.6 m) on ground level. The network is distributed by optical fi bre connections to the mast, the aerosol cottage, and the two scaffolding towers. A 24 m high scaffolding tower (Liispõllu) is located 3 km west of the main station. It is further equipped with a shelter cottage and electrical power of 0.2 kV, 3 x 6 A is available. Online access is possible by cellular network connection.
The offi cial opening ceremony of the SMEAR Estonia station in Järvselja took place on August 23, 2015.
Measurements at SMEAR Estonia
An overview of the instrumentation employed at the SMEAR Estonia station is given in Supplemental Tables S1 to S3. More detailed descriptions of the measurements for each component are presented in the sections below.
Meteorological characteristics
A major characteristic measured is the turbulent wind fl ow in three dimensions (Metek uSonic-3 Class A, Metek GmbH, Germany) at different locations at the station. These data are logged with 10 Hz and linked to measurements of concentrations or mixing ratios of gases, allowing estimation of net ecosystem exchange by the Eddy covariance methodology. At the station, a large set of auxiliary data is gathered. Temperature measurements with shielded and ventilated PT-100 resistance thermometers (Metek GmbH, Germany) are conducted from ground level to up to 130 m. Relative humidity and atmospheric pressure are gauged at different heights using specialized sensors or combined weather transmitter instruments. Rain gauges (Vaisala OY, Finland) are also deployed at the SMEAR Estonia station. Solar radiation fl ux is measured at 40 m height with pyranometers (SPN-1 Sunshine Pyranometer, Delta-T, UK), whereas the fl uxes of total and diffuse incoming radiation and refl ected radiation from plant cover and ground are separately assessed. Supporting radiation measurements are conducted nearby at the Järvselja Training and Experimental Forestry Center with a Skyspec spectrometer (developed by J. Kuusk, Tartu Observatory and Interspectrum OÜ, Estonia) covering total and diffuse radiation in the spectral range from 300-2,400 nm.
Atmospheric trace gases
The most important trace gases measured at the SMEAR Estonia station are carbon dioxide (CO 2 ), water vapour (H 2 O) and methane (CH 4 ) (G2401, Picarro Inc., USA and LGR GGA, Los Gatos Research Inc., USA) which are called greenhouse gases because of their ability to absorb and emit infrared radiation and by that propagate heat storage and transfer within the atmosphere. Reactive trace gases measured are ozone (O 3 ) (Model 49i, Thermo Fisher Scientifi c Inc., USA), nitrogen oxides (NO x = NO + NO 2 ) (Model 43i-TL, Thermo Fisher Scientifi c Inc., USA) and sulphur dioxide (SO 2 ) (Model 42i-TLE, Thermo Fisher Scientifi c Inc., USA), whereas ozone is also graded as a greenhouse gas. All these trace gases are measured continuously with frequencies between 10 Hz to once per 10 seconds at different heights from ground level to up to 110 m height. The SMEAR station can provide CO 2 and H 2 O concentrations at a multitude of heights, fi ve at the atmospheric mast (30, 50, 70, 90, and 110 m) , the scaffolding ecosystem towers (up to 30 m) and on the ground level (the soil chamber measurements). During episodic campaigns, plant emitted volatile organic compounds (VOC) with proton transfer reaction mass spectrometry (PTR-QMS and PTR-TOF systems, Ionicon, Innsbruck, Austria) are measured.
Atmospheric particulate matter and air ions
Beside greenhouse gases, atmospheric aero sol particles are recognized as the most important factor affecting the atmospheric radiation balance and thereby the Earth weather and climate (IPCC, 2014) . The impacts associated with aerosols are direct or indirect. In the case of the direct effect the particles absorb or scatter solar radiation (Yu et al., 2006) . In the case of indirect impacts the particles act as condensation nuclei for cloud droplet formation (Lohmann & Feichter, 2005) . The aerosol particles can not only affect cloud formation, but also cloud microphysical properties leading to changes in e.g. cloud albedo, precipitation formation and precipitation patterns (Kulmala et al., 2008; Spracklen et al., 2008; Mahowald, 2011; Kerminen et al., 2012; Westervelt et al., 2014) . The aerosol effects on climate are more uncertain than warming associated with greenhouse gases (Stocker et al., 2013) . The investigation of aerosol particle formation from atmospheric trace gases via gas-to-particle-conversion, including neutral and ion-induced nucleation, and their subsequent growth towards larger sizes to become Aitken particles and even accumulation mode sizes (Mäkelä et al., 1997; Kulmala et al., 2001; Tammet et al., 2013; Luts et al., 2015) is one of the main objectives of aerosol research carried out at the SMEAR Estonia station. These measurements at SMEAR Estonia are based on the knowledge obtained in the development of aerosol instrumentation in the University of Tartu and long term measurements of air ions and aerosol particles at Tahkuse station, Estonia (Hõrrak et al., 1994 (Hõrrak et al., , 1998 (Hõrrak et al., , 2000 Hirsikko et al., 2011; Tammet et al., 2014) . The station is equipped with various spectrometers for precise measurements of aerosol particle and air ion size distributions.
The basic research instruments have been so far the Electrical Aerosol Spectrometer (EAS, Tammet et al., 2002) and Neutral Cluster and Air Ion Spectrometer (NAIS, Mirme & Mirme, 2013 ), which measure the particle size distribution in the size range from 3 nm to 10 μm and from 0.8 to 42 nm, respectively. A nano condensation nucleus counter (A11 nCNC, Airmodus OY, Finland) enables measurements of the smallest nanoparticles in the activation size range of 1-3 nm (Vanhanen et al., 2011) calibrated and tested in atmospheric measurements. The working principle of a PSM is to mix turbulently cooled sample fl ow with heated clean air fl ow saturated by the working fl uid. This provides a high saturation ratio for the working fl uid and activates the seed particles and grows them by condensation of the working fl uid. In order to reach high saturation ratios, and thus to activate nano-CN without homogeneous nucleation, diethylene glycol was chosen as the working fl uid. The PSM was able to grow nano-CN to mean diameter of 90 nm, after which an ordinary condensation particle counter was used to count the grown particles (TSI 3010. The aerosol particle and air ion size distributions are all measured continuously and the data are recorded typically as 5 min averages. To connect the aerosol and ion measurements to the atmospherebiosphere interactions, the FMPS (Fast Mobility Particle Sizer TSI 3091, TSI Inc., USA), OPS (Optical Particle Sizer TSI 3330, TSI Inc., USA), LAS (Laser Aerosol Spectrometer, TSI 3340, TSI Inc., USA) enable fast measurements with a time resolution of 1 s. The Neutral Air Ion Spectrometer (NAIS, Airel Ltd., Estonia) in connection with a uSonic-3 Class A anemometer is used to develop a method for size resolved particle fl ux measurements. These instruments enable the measurement in a very wide size range beginning from the smallest cluster ions with sizes about 0.4 nm up to the size of coarse aerosol particles of 20 μm (including well-known indices PM2.5 and PM10 used for monitoring of health effects of particles). A detailed instrument list is presented in Table S1 .
In addition, measurements of key characteristics affecting the ionization rate of air (or production rate small air ions) are planned and appropriate devices -the gamma radiation monitor GammaTRACER -XL2-3 (Saphymo GmbH, Germany) and radon ( 222 Rn,) monitor AlphaGuard (Saphymo GmbH, Germany) are waiting for installation. Radon is the main factor causing the variability of the ionization rate of air is also indicator of atmospheric boundary layer stability (e.g. Chen et al., 2016) .
First aerosol particle size distributions and air ion electrical mobility distributions were measured at Liispõllu site at a height 1.8 m and on the top of 24 m tower. These measurements were carried out during 2008-2010 as short campaigns followed by continuous measurements starting in June 2012 in Liispõllu and since August 2015 at the new Apna site to fi nd out differences in the aerosol particle size distribution evolution between the atmosphere above and within a relatively closed forest canopy. We further intend to measure the vertical gradient and fl uxes of aerosol particles by Eddy-covariance method.
Stand level measurements
The principal units of stand description for SMEAR Estonia are circular plots with variable plot size (radius 15, 20, 25 or 30 m). The plot sizes depend on tree density and stand age and are expected to include at least 100 trees from the main forest canopy. The general setup of the circular stand plot follows the measurement protocol of the Estonian Network of Forest Research Plots (ENFRP) (Kiviste et al., 2015) . The plot locations are expected to follow a 50x50 m grid within the footprint areas of the fl ux towers. Therefore, there can be one or more plots within the same tree stand depending on its size and location. All living and dead trees, snags, coarse woody debris, shrubs and advanced regeneration growth are explicitly recorded. In this analysis, a tree is defi ned arbitrarily as a singlestemmed woody plant with the diameter at 1.3 m above the root collar (diameter at breast height, DBH) > 6 cm. Every sample plot is re-measured in fi ve-year intervals.
For all the living trees DBH is recorded in two perpendicular directions. Tree height and height to tree crown base are measured also for all trees, and the height to the fi rst dead branch is recorded for conifers. The age of different tree species in the given plot is estimated from tree-ring cores taken from trees outside the plots. Tree damages and causes of tree mortality are assessed and recorded for all trees within the sample plot.
The ground vegetation is sampled in the area of 400 m 2 inside the plot using the description method developed by Kent and Coker (1993) (see Figure 9 ).
Tree level measurements
Scaffolding towers up to 30 m height were built in the vicinity of the 130 m tall atmospheric measurement tower and allow direct access to the branches of coniferous and broad-leaved deciduous tree species. These towers host fl ux measurements (Metek uSonic-3 Class A, Metek GmbH, Germany and LI7200, LiCor Inc., USA) to characterize the productivity of the nearby stand. Further, branch enclosures are installed to measure the direct gas-exchange fl uxes from the photosynthesizing tissues. These chamber measurements allow also direct measurement of VOC emissions from the plants to the atmosphere. In the future canopy light extinction profi les will be estimated utilizing these towers. Dendrometers (DC3, Ecomatik, Germany) installed at several trees in the plots are used to assess changes in stem radius related to growth but as well as reaction to environmental parameters.
Soil measurements
Soil traits are measured using a diverse set of sensors (CO 2 e.g. Vaisala GMP343, Vaisala OY, Finland) and chamber systems. Since 2015, soil water content is measured (Soil Moisture Probe (PR2) and ThetaProbe Soil Moisture sensor (ML3), both Delta-T, UK) at 5, 10, 20, 30, 40, 60, 100 cm depth at several points per sample plot to account for heterogeneity and to give representative data for surrounding area. Soil temperature is measured (KM330, Comark Instuments, UK) at 5 and 10 cm depth. We currently employ both automated (2x ACE automated soil CO 2 Exchange system, ADC BioScientifi c Ltd., UK) and manual soil chambers (10x Polymethyl methacrylate and 2x zinc coated tin, (e.g. Pihlatie et al., 2013) ) to assess soil CO 2 fl uxes. While currently manual probing dominates, the share of automated chambers will be increased to 10 systems to allow all season comprehensive measurements. All sensors are positioned such that the heterogeneity of the study area is covered and taken into account. To assess belowground biomass and soil structural characteristics ingrowth nets and coring techniques are applied. Figure 3 shows selected meteorological data measured at several heights at the atmospheric mast. Over a season starting in The colour gives the density of horizontal wind vectors, where greenish to lighter colours are linked to a higher probability and therefore higher frequency of wind vectors with a given speed and direction. Blue tones denote a low probability of wind vectors. The isolines visualize the slopes of the underlying wind fi eld's probability density function and have been chosen equally in steps of 0 to the maximum probability (Pm) in steps of 0.1 Pm. The mast centre is at the zero point and the axes give the wind speed (m s -1
Examples of representative SMEAR Estonia data obtained so far

Meteorological measurements
). The y-axis denotes the North-South direction and x-axis the West-East direction. Plot (B) shows the monthly binned median wind speeds at 30 m. Outliers are given as light grey dots and the boxes span between the 25% and 75% quantiles. The rightmost plot (C) shows the monthly binned median temperature at 30 m height. August 2014 and ending in July 2015 we present data on the horizontal wind speed, wind direction and temperature measured above the forest canopy on 30 m height. Over this period the major wind directions on that height are south to southwest and northeast to east ( Figure 3A) . The highest frequency in horizontal wind speed ranged between 2 to 4 m s -1
. That fi nding is also supported by Figure 3B where the monthly binned medians of the horizontal wind speed are shown. At this height, the wind speed during summer was rather uniformly around 2 m s -1 and the variability is slightly smaller than in autumn, winter and spring. The highest monthly median wind speed was observed in December 2014 and the highest variability was in April 2015. In Figure 3C the seasonal change of the monthly median temperature is shown. Compared to the long term (1981-2010) averaged monthly air temperature measured at the nearest meteorological measurement stations of the Estonian Weather Service (http://www. ilmateenistus.ee/kliima/kliimanormid/ ohutemperatuur/?lang=en) the winter median temperatures are about 4 °C above the long term average while summer median temperatures remained with 16-17 °C in the range of the long term averages. The station measures these data with a frequency of 10 Hz and therefore a multitude of averaged data can be generated. The standard averaging period is 30 minutes.
Trace gases
Trace gas measurements were started in the summer of 2012 at Liispõllu and Apna locations at several heights. Since October 2013, measurements have been carried out continuously. Thus, we can provide a full seasonal and diurnal dynamics of the trace gases measured, including CO 2 and H 2 O mixing ratios (Figure 4 for data for August 2014 to July 2015). Median monthly CO 2 mixing ratios ( Figure 4A ) were around 400 ppm with values below 400 ppm during the vegetation period (May to September).
Because of the daily photosynthetic activity, the variability in the mixing ratios was the highest during these months. During winter dormancy period (October to April), the deciduous trees have shed the leaves and the activity of coniferous trees was low. Thus, during these months, the background CO 2 mixing ratio was above 400 ppm and the variability was lower than during the growing season. Water vapour mixing ratio ( Figure 4B ) was strongly linked to the air temperature at the given height (see Figure 3C ).
Monthly medians of ozone mixing ratios reveal that during spring, the ambient ozone levels are the highest and during autumn the lowest ( Figure 5A ). A comparison of the diurnal dynamics ( Figure 5B ) during spring, summer and autumn shows that in spring and autumn this variability was weak; the daily variation in November was about 5 ppb, whereas in April it was about 10 ppb. The daily cycle is strong in summertime, when half an hour median ozone mixing ratio can vary by 25 ppb due to the activity of the ecosystem and the atmospheric photochemical cycle (Atkinson et al., 1990; Atkinson, 2000; Hewitt et al., 2011; Pusede & Cohen, 2012) . Another example we show is the ambient median NO mixing ratio ( Figure 6A ) and its dependency on height. One of the natural sources of NO is the soil emission (Kesik et al., 2005; Pilegaard, 2013) and we found typically higher levels of NO near ground than at 30 m height indicating a stronger local impact. At the same time NO 2 ( Figure 6B ) remained almost constant at both heights indicating that larger scale processes determine its atmospheric mixing ratio. Generally the variability in NOx (= NO + NO 2 ) mixing ratios above the forest canopy is infl uenced by a combination of local natural and anthropogenic emissions due to local sources like combustion of fossil fuels due to heating, especially during winter period, local and distant atmospheric chemistry processes and longer distance transport from neighbouring areas . While median CO 2 mixing ratios vary around 400 ppm (lower in summer, higher in winter) the photosynthetic activity of the trees lead to higher variability during the growing season. Water vapour follows to large extent the air temperature ( Fig. 3C ) and has lowest values during cold months. For volatile organic compounds (VOC) we characterized their spatial and seasonal variability in ambient air (Noe et al., 2012) . Especially for ambient monoterpene concentrations that play a role in the formation and growth of aerosol particles (Spracklen et al., 2008; Metzger et al., 2010 ) the structure of the dense hemiboreal mixed forest during the vegetation period led to high concentrations in the lower forest canopy. Isoprene, monoterpene and sesquiterpene emissions from the vegetation surface (leaves and needles) where measured using branch enclosure cuvettes (Noe et al., 2011; Bourtsoukidis et al., 2014) .
Joonis 4. CO 2 (A) ja veeauru (B) kontsentratsioonide kuude mediaanid vaatlusperioodil (august 2014 kuni juuli 2015) mõõdetuna Apna mastis 30 meetri kõrguselt. Kui CO 2 kontsentratsioon õhus varieerub 400 ppm lähedal (suvel on madalam ja talvel kõrgem), siis puude fotosünteetiline aktiivsus suurendab kasvuperioodi jooksul kuusisest varieeruvust. Veeauru kontsentratsioon õhus järgib valdavalt õhutemperatuuri muutumisi (vt joonis 3C) ning on madalaim külmadel talvekuudel.
Fluxes
There are two major types of fl uxes measured at the SMEAR Estonia station: energy and matter. Energy fl uxes are assessed by measuring the total and diffuse direct and refl ected solar radiation, the photosynthetically active radiation and the latent heat in the atmosphere. Fluxes of matter in the form of water vapour, biomass and gases are measured at several heights within the atmosphere-biosphere-soil continuum. The measurement techniques for particulate matter (aerosol particles) fl uxes are under development (see section: Atmospheric particulate matter and air ions) and currently only vertical gradients of particle concentration can be estimated. The SMEAR Estonia station has continuous fl ux measurements using the Eddy covariance methodology since April 2014, which is the longest continuous data set on CO 2 and H 2 O fl uxes available in Estonia (Figure 7) . Prior Eddy fl ux measurements root back to 2008 (Noe et al., 2011) but have been episodic. Carried out on 30 m and 70 m heights, the footprint areas covered by the fl ux measurements at the 130 m mast reach up to 1.5 km 2 for the 30 m system and 4.5 km 2 for the 70 m system. Within these fetch areas, the protected primeval forest quarter and different forest site types under different forest management regimes are located. This heterogeneity provides the possibility to study changes in carbon Figure 6 . Example of differences in NO and NO 2 mixing ratios as dependent on the height of the measurement (2 m vs. 30 m). NO concentrations are more infl uenced by the local situation (within-canopy position, turbulence conditions, radiation intensity, concentrations of reactive trace gases, emissions from soil processes). NO 2 , on the contrary, seems to be infl uenced by atmospheric largerscale processes.
Joonis 6. NO (A) ja NO 2 (B) konsentratsioonide sõltumine ainevoogude mõõtekõrgusest (2 meetrit võrrel-duna 30 meetrit maapinnast). NO kontsentratsioonid sõltuvad palju rohkem kohalikust olukorrast (võrasisene asukoht, õhuliikuvus, päikesekiirgus, teiste kasvuhoonegaaside konsentratsioonid ja emissioon mullahingamisest). Vastupidi NO kontsentratsioonidele sõltub NO 2 kohalikest mõjuritest palju vähem ning tugevamalt sõltub atmosfääri suurematest ainevoogudest.
Height of the measurement / Mõõtekõrgus
Height of the measurement / Mõõtekõrgus exchange between the ecosystem and the atmosphere with different forest growth and management regimes and climatic impact on forest resources.
Aerosols and air ions
Measurements of air ion and aerosol particles size distributions during last three years (2013-2015) provided a valuable database for studies of new particle formation and growth properties of secondary organic aerosol particles (SOA) in the atmosphere. These measurements (Figures 8 and S2) showed that new particle formation (NPF) at Järvselja was quite frequent in spring (mainly in March-April, Figure  S1 ), when the NPF-events were recorded almost every day. This database enables statistical classifi cation of the NPF-events in accordance with characteristic shapes of the aerosol and air ion size distribution evolution (Hirsikko et al., , 2011 Manninen et al., 2010; Kulmala et al., 2013) . The most pronounced NPF-event, with a typical diurnal behaviour of appearance of newly formed particles followed by their growth to larger sizes that describes a large scale regional event, typically occurring after an infl ow of considerably clean Arctic air masses with low concentration of preexisting aerosol particles. This is consistent with the characteristic new particle formation events observed at SMEAR II in Hyytiälä (e.g. Kulmala et al., 2001 Kulmala et al., , 2013 . In these environments, sulphuric acid and possibly stabilizing bases together with extremely low volatile organic vapours are responsible for the formation and growth of the aerosol particles (Kulmala et al., , 2013 Petäjä et al., 2009; Ehn et al., 2014; Riccobono et al., 2014) . One specifi city of our data is that it includes also cluster ion data and therefore, it enables to study the new particle formation by ion-induced nucleation (Laakso et al., 2004; . The measurements using the NAIS instrument on top of the 24 m high tower at Liispõllu showed quite regularly gaps in cluster ion concentrations during nucleation events above the forest canopy. However, these events need future investigations and experimental proof to make any fi nal conclusions. So far, data from SMEAR Estonia are partly analyzed and compared with other stations and measurement sites in Estonia (Tahkuse, Tartu and Tõravere) and Finland (SMEAR II station). The data from SMEAR Estonia has been used for a comparative analysis of the aerosol nucleation burst events in widely spaced stations in Järveslja, Estonia and in Hyytiälä and Värriö, Finland during an intensive course held in Autumn 2014 in Järvselja (Kulmala et al., 2014a) . Some results of the investigations carried out in SMEAR Estonia have been published in conference proceedings, e.g. by Laan et al. (2014) and introduced during recent Finnish-Estonian air ion and aerosol workshops in 2013-2015 . 
Forest stand
Detailed information about the forest ecosystem at the SMEAR Estonia site is based on the permanent sample plots (Figure 9 ). There are two different types of plots depending on when they were established. Within the fetch area of the atmospheric measurement mast, there are a few old permanent experimental plots established long before the SMEAR station became functional. There are also forest monitoring plots established with the purpose to cover the footprint area of the station. Old long-term monitoring plots are located in close vicinity of the Apna site. These include old forest growth and yield monitoring plots (in compartments JS222 and JS224, Figure 9 ) established already in 1925 (Siim & Kangur, 2013) as well as juvenile stand height dynamics monitoring plots in Apna site established in 2005 (Kängsepp et al., 2014) .
The establishment of forest monitoring plots specifi cally for SMEAR Estonia started in 2008 at the Liispõllu site and continued in 2012 at the newly established Apna site. Liispõllu plots have been re-measured once in 2015 for growth monitoring. For Apna a plot grid was established to ensure consistent point descriptions within the footprint area.
Soil
Soil temperature and moisture are the important drivers that control many ecosystem processes (Davidson et al., 1998; Curiel Yuste et al., 2007) . Being the biggest source of carbon emitted back to the atmosphere, the soil CO 2 fl uxes ( Figure 10A ) are needed to assess the ecosystems carbon budget in combination with the Eddy covariance fl uxes. Soil water content and soil temperature are the major driving forces of the soil respiratory activity (Figures 10B and 10C ). While some soil variables had been available since 2009, these data correspond to shorter campaign measurements and did not cover a full vegetation cycle. Since 2015, the situation has changed and the soil characteristics have been measured on a regular basis through the year. 
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Summary and Future perspectives Long-term, comprehensive and continuous integrated soil-plant-atmosphere measure ments are of key importance for under standing the dynamics of natural eco systems and for gaining an insight into the feedback mechanisms between the ecosystems and the environment (Kulmala et al., , 2014b Paasonen et al., 2013) . Thus, the research conducted at SMEAR Estonia provides an important contribution to these research activities, importantly enlarging the scope of SMEAR stations. Furthermore, there are increasing efforts to integrate the long-term measurement sites into a worldwide consortium with standardized measurement protocols and data quality controls, e.g. Integrated Carbon Observation System (ICOS) and AC-TRIS (Aerosols, Clouds, and Trace gases Research InfraStructure network) and AnaEE (Analysis and Experimentation on Ecosystems) networks. SMEAR Estonia covers an important part of Earth biomes, hemiboreal forest, and therefore significantly enlarges the coverage of worldwide networks (e.g. FluxNet). The infrastructure of SMEAR Estonia offers good possibilities to study the forest ecosystem -atmosphere relation, including ecophysiological processes, exchange of atmospheric trace gases and aerosol formation, atmospheric micrometeorology and dynamics, as well as the cross-border propagation of atmospheric pollution. Due to its location far away from bigger cities and industrial regions, the station provides data for Estonian environmental monitoring network (http://airviro.klab.ee/seire/ airviro/en) about regional pollution background.
The SMEAR Estonia station gives opportunity to study diverse forestry management activities and forest type specifi c differences, e.g. between broadleaf dominated stands and coniferous stands. Already the efforts of building the station led to increased possibilities for national and international cooperation. Smear Estonia participates in the ERA-Planet (http:// www.iia.cnr.it/eraplanet/) network and the Pan Eurasian Experiment (PEEX, https://www.atm.helsinki.fi /peex/index. php). The SMEAR Estonia through its partner, the Institute of Physics, University of Tartu, is also participating in the ACTRIS network as associated partner. Although the measurement station is still relatively young compared with several other stations like SMEAR I-IV Fin land (https://www.atm.helsinki.fi/SMEAR/), the results obtained so far have already resulted in several new fi ndings like the infl uence of the dense canopy on trace gas mixing ratios and fl uxes (Noe et al., 2011) or the ambient concentration of VOC (Noe et al., 2012) that signifi cantly contribute to process-based knowledge of ecosystem and atmosphere functioning. Further development of the station will increase the set of measurements, improve the quality of observations, and ensure the use of the data produced in research and policymaking. Increasing the level of automation allows for long-term comprehensive measurements and increases the impact of Estonian science on international level and thereby providing possibilities to contribute to world-class research activities.
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